We report the discovery of a white dwarf exhibiting deep, irregularly shaped transits indicative of disrupted planetary debris. Two prominent transits are seen in the 210-day-long Zwicky Transient Facility light curve of ZTF J013906.17+524536.89, each roughly 25 days long and causing 30−45% dips in flux. The transits are separated by about 110 days, much longer than the 4.5 hour orbital period observed in WD1145+017, the only other white dwarf with transiting circumstellar debris. An eccentricity e > 0.97 is required assuming a 110-day orbital period and material that comes within the white dwarf's tidal disruption radius, suggesting an early phase of tidal disruption prior to complete disk filling. An optical spectrum of ZTF J0139+5245 reveals strong Balmer lines, establishing it as a DA white dwarf with T eff = 10,530 ± 140 K and log(g) = 7.86 ± 0.06. The spectroscopic T eff combined with broadband photometry suggests a high extinction towards ZTF J0139+5245. A Ca II absorption feature at 3934Å is present in all three nights of spectra, but its association with ZTF J0139+5245 remains uncertain. In addition, high-speed time series photometry is suggestive of short-period (950 s) variability, consistent with ZZ Ceti pulsations.
INTRODUCTION
The vast majority of currently known planet hosts will one day become white dwarfs (WDs), the end products of stellar evolution for low-to intermediate-mass stars (M < 10 M ) (Williams et al. 2009 ). Many planets are expected to survive the post-main-sequence evolution of their host stars (Veras 2016) . Indeed, at least one third of all known WDs with T eff < 20,000 K exhibit heavy elements beyond hydrogen and helium in their photospheres (Zuckerman et al. 2010; Koester et al. 2014) , which is commonly interpreted as the active accretion of tidally disrupted planetary debris (Debes & Sigurdszvanderbosch@astro.as.utexas.edu son 2002; Jura 2003; Zuckerman et al. 2010; Veras et al. 2014; Farihi 2016; Mustill et al. 2018) .
This debris has been detected in more than 40 WDs as an infrared (IR) excess indicative of circumstellar dust, while gas disks are detected in a small number of these systems via Ca II triplet emission (Farihi 2016) . Only two WDs, however, exhibit evidence for intact planetesimals in close orbit: WD1145+017 (Vanderburg et al. 2015) , which displays photometric and spectroscopic signatures of transiting debris in 4.5−4.9 hour orbits; and SDSS J1228+1040 (Manser et al. 2019) , which shows 2-hour variations in the Ca II triplet emission lines consistent with perturbations of a gas disk by a minor planet.
In this Letter, we report the discovery of a WD (ZTF J013906.17+524536.89, hereafter J0139) ing photometric evidence for transits caused by tidally disrupted, circumstellar debris. The two irregularly shaped 30−45% photometric dips observed by the Zwicky Transient Facility are separated by 110-days and each last roughly 25 days, consistent with circumstellar material in an early phase of tidal disruption along a highly eccentric orbit (Veras et al. 2014 ). In the following sections, we present publicly archived and newly obtained photometry and spectroscopy to constrain the white dwarf and its circumstellar material.
OBSERVATIONS

Public ZTF Photometry
We discovered transits in J0139 (g = 18.5) during a general search for variable WDs in the public Zwicky Transient Facility (ZTF) survey (Masci et al. 2019; Bellm et al. 2019 ) by cross-matching the Gaia DR2 catalogue of WDs (Gentile Fusillo et al. 2019, hereafter GF19) with the public ZTF transient alert database (Patterson et al. 2019 ) using the API provided by the Las Cumbres Observatory's Make Alerts Really Simple (MARS) project 1 . Prior to the cross-match, we trimmed the full GF19 catalogue into an astrometrically clean, 200 pc sample of ≈ 40,000 objects using the criteria recommended by Lindegren et al. (2018) and Evans et al. (2018) . As of 2019 May 08, this cross match results in 783 objects which have at least one alert from ZTF indicative of transient or periodically variable behavior. We downloaded the public ZTF light curves for each object with an alert and visually inspected them and their periodograms for signs of variability. J0139 stood out 1 https://mars.lco.global/ as the only object with long-lasting, well-defined dips in flux (see Fig. 1 ).
In total, J0139 was covered by 234 public ZTF observations deemed of good photometric quality by the ZTF pipeline. We filtered these observations by only selecting points where catflags = 0, a condition for generating clean light curves recommended in the ZTF Science Data System Explanatory Supplement 2 . The final light curve for J0139, shown in Figure 1 , has 224 data points (104 in g and 120 in r ) with a median temporal separation between observations of 22.4 hours with occasional large, multi-day gaps.
Spectroscopy
We obtained the first spectra of J0139 (see Fig. 2 ) on 2019 June 30, July 3, and July 4 using the Intermediatedispersion Spectrograph and Imaging System (ISIS), mounted on the 4.2-m William Herschel Telescope (WHT) on the island of La Palma, Spain.
We performed the observations using a 1 slit and 600 line mm −1 grating in the blue (3800−5200Å) arm of the spectrograph, achieving 1.9Å resolution. Each night we took a series of consecutive 1200s exposures under clear sky conditions with seeing between 0.6 − 1.0 and an average airmass of 1.5. We obtained a total of 17 20-minute exposures for a combined exposure time of 5.7 hours.
We applied bias, flat-field, and cosmic ray corrections to our spectra using standard procedures within iraf. We optimally extracted the one-dimensional spectrum (Horne 1986 ) using the data reduction software pamela. The bottom panel shows the SED with photometric data dereddened using the reddening law of Fitzpatrick (1999) and Indebetouw et al. (2005) with E(B − V ) = 0.12 and AV = 0.38. We over-plot a model spectrum (grey line, Koester 2010) with T eff = 10,500 K and log(g) = 7.75 representing a good match to the shape of the observed SED.
We used molly (Marsh 1989 ) to wavelength and fluxcalibrate the spectra by fitting a fourth-order polynomial to the HgArNeXe arc data and a five-knot spline to the spectrophotometric standard star, respectively. Arcs and standards were obtained using the same instrument setup just before and after the science observations were carried out.
McDonald & LCOGT Photometry
We began monitoring J0139 for additional transits on 2019 June 21 using the the Las Cumbres Observatory (LCOGT) 1.0-m telescope network and the McDonald Observatory 2.1-m Otto Struve Telescope (see Fig. 3 ).
For the LCOGT 1.0-m observations, we requested three 2-minute-long exposures in both gp and rp filters each night using the Sinistro imaging instrument (Brown et al. 2013 ). Completed observations were bias, dark, and flat-field corrected via the LCOGT BANZAI pipeline 3 . We wrote a custom Python script that per-3 https://github.com/LCOGT/banzai forms circular aperture photometry on all sources detected within each image and then cross-matches them with known Pan-STARRS1 Survey (PS1) sources. We measured the difference between PS1 and instrumental magnitudes (m d = m PS1 − m LCOGT ) while filtering for outliers and likely galaxy candidates. We converted our instrumental magnitudes to apparent magnitudes on the PS1 scale by solving for a zero-point offset (z) and color term (c) with a least squares fit to
From the McDonald 2.1-m telescope we acquired five nights of high-speed time-series photometry using the Princeton Instruments ProEM frame-transfer CCD with 30-s exposures. For the first two nights, we used only an Astrodon Gen2 Sloan g filter. For the next three nights we alternated between g and r for each exposure using an automated filter wheel. We used iraf to bias, dark, and flat-field correct the McDonald data using standard calibration frames taken before each night of observations. We performed circular aperture photometry to generate light curves using the iraf routine CCD HSP (Kanaan et al. 2002) . Lastly, we used the Wqed software suite to apply a barycentric correction to the mid-exposure timestamp of each image (Thompson & Mullally 2013 ).
SED & Single-Epoch Photometry
We compiled all available photometric and astrometric data for J0139 from the Galaxy Evolution Explorer (GALEX, Martin et al. 2005; Morrissey et al. 2005) , Gaia DR2 (Gaia Collaboration et al. 2018), the Sloan Digital Sky Survey (SDSS) DR9 (Ahn et al. 2012) , the Pan-STARRS1 Survey (Chambers et al. 2016 ) DR2, the United Kingdom Infra-Red Telescope (UKIRT) Hemisphere Suvrey (UHS, Dye et al. 2018) , and the WideField Infrared Survey Explorer (WISE, Wright et al. 2010) . The compiled data are summarized in Table 1 while the spectral energy distribution (SED) is displayed in Fig. 2 .
The PS1 3π survey (Kaiser et al. 2010; Magnier et al. 2013 ) is multi-epoch, so we also obtained all single-epoch detections to look for additional transit events. In total, J0139 was observed by PS1 63 times over the course of 4.4 years. To filter out poor-quality detections, we first removed those where > 5% of the fitted PSF model was contaminated by bad pixels. To further filter our data, we followed the methods of Fulton et al. (2014) . The resulting PS1 light curve, shown in Figure 4 , has 52 data points (g:11, r :9, i :11, z :10, y:11) with 30 − 80 s exposure times.
WISE photometry was not reported for J0139 in the original AllWISE catalogue (Wright et al. 2010; µα, µ δ (mas/yr) 87.32 ± 0.39, 4.99 ± 0.43 [1] (mas) 5.77 ± 0.25
log(g) 3D (cgs) 7.86 ± 0.06
nuv 19.89 ± 0.14 [3, 4] G 18.594 ± 0.008
GBP 18.55 ± 0.02
GRP 18.64 ± 0.03 These detections are suggestive of an infrared (IR) excess for J0139, but due to the lack of an AllWISE detection, the absence of proper motion corrections in the Lang et al. (2016) forced photometry method, and the potential for contamination by line-of-sight objects, we consider this an unreliable IR excess detection and exclude it from the SED. Nonetheless, we discuss some of the implications for an IR excess throughout this Letter.
3. THE WHITE DWARF
Physical Parameters
Prior to obtaining a spectrum, J0139 was considered a high probability WD candidate due to both its SDSS photometric colors (Girven et al. 2011 ) and its location in the Gaia color magnitude diagram (GF19). Utilizing Gaia photometry and parallax, GF19 report T eff = 9420 ± 580 K, log(g) = 7.87 ± 0.21, and M = 0.52±0.11M for J0139 assuming a pure-H atmosphere. The newly obtained spectra provide clear evidence that J0139 is indeed a WD with a hydrogen-dominated atmosphere, hence a DA (see Fig. 2 ). We also detect a weak Ca II absorption feature at 3934Å in each night's spectrum, but its origin (photospheric, circumstellar, or interstellar) remains unclear due to the large uncertainties in its velocity relative to the Balmer lines imposed by our relatively low spectral resolution.
Using the combined spectrum for all three nights of WHT observations, we fit six Balmer lines, Hβ −H9, utilizing the one-dimensional (1D) models and fitting procedures described in Tremblay et al. (2011) (see Fig. 2 ). We find T 1D eff = 10790 ± 140 K and log(g) 1D = 8.09 ± 0.06 whose formal uncertainties have been added in quadrature to 1.2 % T eff and 0.038-dex log(g) uncertainties to account for typical systematics (Liebert et al. 2005) . We apply corrections to these 1D values based on the three-dimensional (3D) convection simulations of Tremblay et al. (2013) to obtain T 3D eff = 10530 ± 140 K and log(g) 3D = 7.86 ± 0.06. Utilizing the 3D values and the WD evolutionary models of Fontaine et al. (2001) with evenly mixed C/O cores and thick-H layers, we obtain M = 0.52 ± 0.03 M .
The spectroscopic temperature is significantly hotter than the Gaia photometry and parallax determination of GF19. GF19 use a distance-scaling relationship to estimate extinction which performs well in general but may do poorly along lines of sight (LOS) where the Galactic extinction is high, which is true for J0139: A VLOS = 0.84 (Schlafly & Finkbeiner 2011) . GF19 use A V = 0.11 in the photometric fit of J0139, but with A V = 0.38 we find good agreement between the observed and model SEDs at the best-fit spectroscopic temperature (see Fig.  2 ). This additional extinction could be accounted for by locally dense regions within the ISM, but J0139 is relatively nearby (d = 172.9 ± 7.4 pc, Bailer-Jones et al. 2018). Circumstellar material around J0139 could also account for the additional extinction, a possibility supported by the irregularly shaped transits and the potential for an IR excess and atmospheric/circumstellar Ca II absorption (see Sec. 4.3).
Short-Period Variability
The 3D spectroscopic T eff and log(g) place J0139 inside the ZZ Ceti instability strip (Gianninas et al. 2015) where hydrogen-atmosphere WDs pulsate. In the combined five-night McDonald light curve, we find a peak in the Lomb-Scargle periodogram at 1048 µHz (954 s) with an amplitude of 1.2% (see Fig. 3 ). We calculate a significance threshold of 0.96% using four times the average amplitude of the periodogram, 4 A , between 500 and 10,000 µHz. The peak is therefore significant and has a period consistent with red-edge ZZ Cetis (Mukadam et al. 2006 ). However, due to the short individual runs and because we find only one significant peak, we note that other effects such as short-timescale transit variability, artifacts from atmospheric transparency variations, or stellar rotation could produce the observed peak, though WD's with spin periods < 1000 s are very rare (Hermes et al. 2017 ).
THE CIRCUMSTELLAR MATERIAL
The Transit Spacing
With 210 days of photometry in the first public ZTF data release, only two sparsely sampled transits are observed (Fig. 1) . We constrain the transit spacing by phase-folding the ZTF data to obtain a close match between the transit profiles of both events. This occurs with a folding period of ≈ 110 days. We searched for additional transits among the 52 good-quality PS1 data points, but find no indication of a transit detection dis- tinguishable from statistical noise (∆m > 0.15 mag).
As of 2019 August 19, we also see no evidence for deep transits from LCOGT, although the flux does appear to steadily increase during the first four nights of LCOGT observations (see Fig. 3 ). During the 1-hour of McDonald 2.1-m observations on 2019 June 27, however, we observed a drop in flux of ≈ 0.45 mag relative to neighboring nights (see Fig. 3 ). This drop occurs 331 days, or three 110.3-day cycles, after the deepest part of the first ZTF transit. We use this 110.3-day period, along with ±1 day options, to fold the PS1, ZTF, and McDonald light curves together (see Fig. 4) .
Interestingly, while all three folding periods provide decent agreement between ZTF transits and the single low-lying McDonald point, the remaining McDonald and PS1 data exhibit obvious discrepancies. This may indicate the absence of periodic behavior, but is also reminiscent of WD1145+017 which exhibits periodic transits with both orbit-to-orbit (4.5 < P orb < 4.9 hours) and years-long dynamical evolution of their shapes and depths (Vanderburg et al. 2015; Gänsicke et al. 2016; Rappaport et al. 2018) . KIC 8463852, an F-type main sequence star with dust-induced transits, also shows irregularly shaped transits that have yet to exhibit conclusively periodic behavior over several years of observations (Boyajian et al. 2016; Schaefer et al. 2018 ).
A Potential Orbital Configuration
To account for the presence of transits in J0139, we consider the model where a small rocky object, such as an asteroid, was at some point perturbed off its original orbit and brought close enough to the WD to be tidally disrupted into a stream of dust and debris (Debes & Sigurdsson 2002; Veras et al. 2013) . Assuming the observed ZTF transit spacing is the orbital period of that debris, and that the material is currently orbiting near to or within the tidal disruption radius (r c ) at closest approach, a very high eccentricity is required.
Using standard estimates for the average densities of asteroids and planets (ρ = 2.0 − 8.0 g/cm 3 ) and the ratios between their central and average densities (ρ c /ρ = 1.0 − 2.5), we find r c for J0139 to be between 1.0 and 1.7 solar radii (Rappaport et al. 2013 ). Using r c as the distance of closest approach implies an eccentricity of e > 0.97 and a maximum orbital separation of ≈ 0.72 AU.
At periastron, a single dust grain would take <1-minute to transit the WD, and at apastron 1 − 2 hours. Much longer transits are observed by ZTF, suggesting the presence of an extended disrupted stream of dust and/or debris. Large planetesimals may be embedded within this material, but our current constraints on rapid transits from ZTF and McDonald are weak due to sparse coverage.
We can estimate a lower limit on the mass of the transiting material which passes between the WD and Earth by assuming the transit is caused by non-overlapping spherical particles. The total amount of WD light blocked during the first ZTF transit is equivalent to a total eclipse lasting four days. If transiting at a distance of 1.0 R , the required dust mass is 2 g/cm 3 )g. In both cases the masses are consistent with asteroid-sized objects.
Evidence for Dust and Accretion
In addition to the irregularly shaped transits, we also find evidence from the "unWISE" photometry for an IR excess. Though we are skeptical of its association with J0139, a single-temperature blackbody fit to the excess (Dennihy et al. 2017) gives T BB = 650 K and R BB = 35 R WD . A brown dwarf companion (R ≈ 0.1 R ) at the same temperature would be a factor of ≈ 20 less luminous (Sorahana et al. 2013) . Warm dust provides a more likely explanation, but source confusion/contamination cannot be ruled out.
To date, all WDs with a confirmed infrared excess also show signs of atmospheric metal pollution from accretion of this debris (Farihi 2016) . We identified an absorption feature near the 3934Å Ca II transition on all three nights of spectroscopic observations (see Fig. 2 ), but as mentioned in Section 3, our knowledge of its origin (photospheric, circumstellar, or interstellar) remains poorly constrained.
Implications for Tidal Disruption
If the observed transits in J0139 are indeed caused by orbiting disrupted planetary debris, it would be just the second such object known. In comparison to WD1145+017, however, J0139 presents unique challenges related to its potential orbital configuration.
Completely tidally disrupted asteroids on highly eccentric orbits are expected to uniformly fill a dust disk on timescales much shorter than WD cooling times (Debes et al. 2012; Veras et al. 2014) . The disruption and disk-filling timescales depend non-trivially, however, on factors such as the original size, composition, and spin rate of the pre-disruption object, how close it gets to the tidal disruption boundary, and the effect of inter-particle collisions throughout the disruption process (Debes et al. 2012; Veras et al. 2014 Veras et al. , 2017 Kenyon & Bromley 2017; Makarov & Veras 2019 ). All of these factors remain poorly constrained or completely unknown for J0139, but the observed transits suggest J0139 is still early in the disruption process, prior to complete disk filling, making it an interesting case study for the physics and evolutionary timescales involved in the tidal disruption of planetary objects around WDs.
In addition, we note that J0139's mass (M = 0.52M ) is consistent with forming from a relatively low mass progenitor star (≈ 1.2 M , El-Badry et al. 2018 ). This implies a progenitor age (≈ 12 Gyr, Kalirai 2012) and WD cooling age (500 Myr, Fontaine et al. 2001 ) that are both older relative to most WDs with detectable IR excesses (Rocchetto et al. 2015) . The survivability of extrasolar asteroid belts around low-mass stars which contain enough material to account for ongoing tidal disruption events, IR excesses, and metal accretion is still an open question (Farihi 2016) .
CONCLUSIONS
We have presented the discovery of a WD exhibiting photometric evidence for transits caused by tidally disrupted planetary debris. We have placed loose constraints on the transit recurrence time (≈ 110 days) and potential eccentricity (e > 0.97) of the transiting material assuming that it orbits near to or within the tidal disruption radius of the WD. We obtained the first spectrum of J0139 which identifies the WD as a DA due to strong Balmer lines. We detect an absorption feature near the 3934Å Ca II line in all three nights of spectra and find evidence for an IR excess consistent with warm dust, but their association with the WD remains uncertain. Spitzer observations are needed to reliably constrain J0139's infrared flux, while high-resolution spectroscopy is needed to properly constrain the relative radial velocities of the Ca II and Balmer lines.
Future data releases from ZTF will hopefully reveal more transits in the light curve of J0139. In the meantime, we have begun a photometric observing program using the McDonald 2.1m telescope and the LCOGT network to obtain both high-speed time-series photometry and nightly monitoring of J0139. More extensive observations, such as multi-color time series photometry and infrared and optical spectroscopy in and out of transit, are required to better understand the nature of the WD and its transiting material. In addition, WD1145+017 is also among the 783 objects in our Gaia-ZTF cross match. We expect a more systematic search of a larger space volume of WDs in ZTF, and in future surveys such as the Large Synoptic Survey Telescope (LSST), will yield many more discoveries like J0139 and WD1145+017.
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